Abstract-The robustness of wearable UHF-band ungrounded antennas with respect to body-coupling effects is addressed. Two different configurations of single-layer antennas, with different energy density distributions, are presented, and a design criterion to improve their performance with respect to the antenna-body separation is derived. Through an analysis of the antenna electric and magnetic energy density distributions, it is shown that the degradation of the antenna performance due to the proximity of the human body can be reduced if the electric energy density is confined in specific regions far from the antenna border. The proposed design criterion has been validated by numerical simulations and experimental measurements.
I. INTRODUCTION

I
T IS well known that the performance of wearable antennas is significantly modified by the human body proximity [1] , [2] . Compared with the stand-alone antenna, the coupling between the antenna and the human body modifies the antenna input impedance, causes antenna detuning, and it is responsible for the antenna radiation efficiency degradation and the radiation pattern fragmentation. All these effects are strictly related to the antenna size, layout, and operating frequency [1] . At the UHF band, antennas with a size between λ/5 and λ/2 (λ being the free-space wavelength) are quite common, since they allow for the realization of a relatively efficient wearable antenna that can still be made unobtrusive and comfortable to the user. A large number of scientific papers are explicitly devoted to the analysis of the effects of the antenna-body coupling on the antenna performance, and to the evaluation of the power absorption of the biological tissues (the latter being quantified through the SAR parameter -Specific Absorption Rate). However, in realworld applications, the antenna-body distance can change in a random way, due to the wearer natural movements [3] - [5] . Moreover, the electromagnetic and geometrical parameters of the antenna platform (namely, the human body) change from person to person, as well as for different locations of the antenna on the same person, since such parameters vary around the body [6] . The antenna parameters modification due to the above random effects can determine a significant and uncontrolled degradation of the radio link. Therefore, specific design criteria are required to enhance the robustness of the antenna performance with respect to the variation of the human body distance and of its dielectric characteristics.
In a number of papers [7] , [8] , it has been shown that electrically small magnetic antennas can perform better than electrically small electric antennas when they operate close to, or inside, the human body (or any other non-magnetic lossy material). It is worth noting that, in electrically small antennas (either electric or magnetic antennas), only one of the two energy densities dominates in the near-field (NF) region (e.g., the magnetic energy density for the small loop antenna and its variants). On the other hand, most of the UHF wearable antennas have a size between λ/5 and λ/2, so they can exhibit one or more maxima of the electric and magnetic energy densities in their NF region.
Recently, in order to enhance the robustness of UHF grounded wearable printed antennas with respect to the antenna-body coupling effects, the authors proposed a criterion for the choice of the optimal shape and size of the antenna ground plane [9] - [11] . In particular, the optimal ground plane shape has been related to the position of the maxima of the electric and magnetic energy densities, in order to hinder impedance detuning and efficiency reduction.
However, the physical structure of antennas with a ground plane printed on the back side of the dielectric layer (referred as "grounded antennas" [9] - [11] ), could limit the mechanical flexibility, which is an important feature of wearable antennas. As a matter of fact, these antennas should be unobtrusive and comfortable, but the use of a large ground plane could be in contrast with these requirements. As an alternative, wearable antennas without the ground plane [12] (denoted in the following as "ungrounded" antennas) can be used. These antennas can be directly integrated in existing clothes, also thanks to the recent advances in textile antennas design, and fabrication of circuits with intricate details [13] - [15] . However, the absence of a metallic ground plane makes these antennas more sensitive to the human body proximity effect. Thus, increasing their robustness with respect to the antenna-body coupling effects is an important challenge for the antenna designer. Therefore, in this paper, an energy-based design criterion for ungrounded printed wearable antennas is suggested, aimed to improve their robustness with respect to the distance from the human body. The design guidelines presented in [9] for grounded antennas lead to an enlargement of the ground plane in the direction of the maxima of the electric energy density. However, the latter strategy cannot be applied to ungrounded antennas, and a proper discussion is required to derive an energy-based design criterion for such a class of antennas.
In section II, we present simulated results of a resonant circular loop antenna operating in the UHF RFID frequency range (860-960 MHz). This example describes a possible solution capable to increase the ungrounded antennas robustness, and helps us to introduce an energy-based design criterion for these antennas. In particular, based on the antenna electric and magnetic energy density distributions, a layout modification has been introduced [16] , [17] , aiming to confine the electric energy density in specific regions far from the antenna border, thus increasing the insulating capability of the dielectric substrate.
In order to validate the proposed design criterion, we investigate the robustness with respect to the human body coupling of a second antenna, selected from the open literature, namely the nested-slot suspended-patch (NSSP) antenna operating at 870 MHz, whose performance is assessed and experimentally tested in [12] . Then, we have suitably modified the initial layout of [12] in order to confine the electric energy density far from the antenna border. In this way we are able to single out the effect of the layout modifications to validate our design criterion.
Finally, in section III an experimental assessment is presented. Two prototypes of NSSP antennas have been manufactured in the microwave laboratory of the Cagliari Astronomy Observatory. The measured results are in good agreement with simulations and demonstrate the effectiveness of the proposed design criterion.
II. NUMERICAL SIMULATION RESULTS
In order to describe the proposed energy-based design criterion for ungrounded printed wearable antennas, an isolated (operating in free-space) resonant circular loop antenna (Fig. 1a) , printed on a 150 mm × 150 mm, 1 mm thick layer with ε r = 11.8 and tan δ = 0.00045 , has been optimized to resonate at 935 MHz, and the distribution of the electric and magnetic energy densities has been investigated at resonance. Numerical simulations have been performed by using CST Microwave Studio [18] .
In Fig. 2 , the simulated real and imaginary parts of the antenna input impedance are plotted as a function of the frequency. In Fig. 3a and 3c, the electric and magnetic energy density distributions generated by the antenna in the middle of the substrate are shown. It is worth noting that a strong and almost uniform electric energy density is obtained in proximity of the circular loop, whereas a magnetic null is observed at the position of the loop center. Then, starting from the standard loop antenna, a layout modification has been studied. In particular, the solid microstrip line has been divided into 12 segments, and 0.89 pF lumped capacitors have been introduced between them, but keeping the same radius R and width W of the loop, and the same layout dimension L (see Fig. 1b ). The modified configuration (named "segmented loop") is widely used for near-field UHF RFID applications [16] , [17] , since it allows to keep the current almost constant and inphase along the loop, even though the loop perimeter is larger than the operating wavelength. In particular, the presence of the capacitors allows to avoid the current phase-inversion and provides a strong and uniform magnetic field distribution close to the antenna surface. As shown in Fig. 2 , the designed segmented loop antenna resonates at the same frequency of the standard resonant loop (935 MHz), whereas the energy density distributions at resonance (Figs. 3b, 3d ) are different from those of the resonant loop (Figs. 3a, 3c) . Specifically, the magnetic energy density is stronger and more uniform in proximity of the radiating element, and the electric energy is confined within small areas near the lumped capacitors.
In order to analyze the body-antenna coupling effect on the antenna performance, a numerical phantom has been added to the simulation scenario (see Fig. 4 ). It is a single-layer equivalent model consisting in a 5-cm-thick material with ε r = 2/3 ε r_muscle = 36, and σ = 2/3 σ muscle = 0.62 S/m [19] . The radiation efficiency η and the power transmission coefficient τ have been computed. The latter has been calculated as
wherein Z I N is the antenna input impedance, and Z 0 is a reference impedance.
Since we are interested to analyze the robustness of the different antenna layouts with respect to the variations of the antenna-phantom model separation d (see Fig. 4 ), Z 0 has been assumed equal to the antenna input impedance at 935 MHz for d = 0 mm (i.e., the configuration with the antenna adherent to the body model).
In Fig. 5a , τ is plotted as a function of the distance d, for both the resonant loop and the segmented loop. It should be noted that the power transmission coefficient τ of the segmented loop presents a smaller variation and a higher value than that of the resonant loop. The simulated radiation efficiency of both the antennas is quite small when they are attached to the human body (4 % for the resonant loop, and 9 % for the segmented loop), due to the high losses in the human body tissues. However, it increases when the antennabody separation increases (Fig. 5(b) ).
As a further figure of merit of the robustness of the antenna performance, the product τ ×η is shown in Fig. 5c as a function of d for both the radiating elements, showing an improvement of the segmented loop over the resonant loop.
Since the human tissues are non-magnetic materials, it results that a reduction of the sensitivity of the antenna parameters to the body proximity can be achieved by using the segmented loop antenna, which presents a more confined electric density distribution and a stronger magnetic energy density in the dielectric substrate when compared to the resonant loop antenna (see Fig. 3 ).
Based on the example presented above, we can conclude that a layout modification aimed to confine the electric energy density in specific regions far from the antenna border may be effective in improving the insulating capability of the dielectric substrate, thus enhancing the antenna robustness with respect to the human body coupling.
In order to validate our design criterion, we consider in the following the single-layer slot antenna for UHF RFID tags proposed in [12] , operating at 870 MHz. This antenna is called Nested-Slot Suspended Patch (NSSP), and consists of a H-shaped slot placed onto a suspended patch. The antenna layout is shown in Fig. 6a , and its geometrical parameters are listed in the caption of Fig. 6 . This is a versatile layout, because it is capable to match with a large class of microchips by a suitable choice of its geometrical parameters [12] . The tag antenna is etched on a rectangular metallic plate printed on a 4-mm-thick silicone dielectric slab (ε r = 11.8, tan δ = 0.00045), which electrically insulates the antenna from the body [12] . To account for the presence of the human body, and to reproduce the performance of the antenna presented in [12] , a simplified reference model of the human torso (namely, a stratified elliptical cylinder with physical parameters obtained from the tissue database [12] ) has been considered in the simulated environment (Fig. 6b) . The reported simulations, performed with CST Microwave Studio, are referred to the case of thick man, which represents the worst case, since the larger absorption of a bigger torso will result in a lower antenna efficiency. The geometrical and physical parameters of the model of the human torso in Fig. 6 (b) are reported in Table 1 .
The energy density distributions of the antenna, computed in the dielectric substrate, are shown in Fig. 7 for d = 0 (antenna attached to the body) at the antenna operating frequency of 870 MHz. It should be noted that peaks of the electric energy density are visible near the antenna center and close to the antenna border along the y-axis (Fig. 7a) , whereas peaks of magnetic energy density are at the center of the antenna and close to the antenna border along the x direction (Fig. 7b) .
Then, three configurations have been investigated: a) NSSP (the reference layout), which is the reference antenna, as described in [12] . b) NSSP-SE, in which the silicone substrate has been extended toward the regions close to an electric energy density peak ( L = 25 mm on both sides), as indicated in Fig. 8a ; c) NSSP-SH, in which the silicone substrate has been extended toward the regions close to a magnetic energy density peak ( L = 25 mm on both sides), as indicated in Fig. 8b . For the above configurations, the behavior of τ , η, and τ ×η as a function of the distance d between the antenna and the body phantom have been investigated, and are shown in Fig. 9 . The reference impedance Z 0 in (1) has been assumed equal to the antenna input impedance for d = 0 mm, computed at 870 MHz. As shown in Fig. 9a , the lowest transmission coefficient variation is achieved for the NSSP-SE configuration. The simulated radiation efficiency is nearly the same for all NSSP, NSSP-SE, and NSSP-SH configurations: it is about 5% when the antenna is attached to the human body, and around 35%-40% when the antenna is 30 mm far (Fig. 9b) . Finally, for the NSSP-SE configuration, the τ ×η product keeps almost stable against the antennabody distance (Fig. 9c) . In other words, the extension of the insulating silicone substrate toward the regions close to the peaks of the electric energy density improves the robustness of the antenna performance with respect to the human-body coupling.
To further improve the antenna robustness, both the silicone substrate and the metallic plate can be properly extended. Then, we consider also the following configurations: d) NSSP-SME, in which the layout (both the silicone substrate and the metallization) has been extended toward the regions close to an electric energy density peak (a L = 25 mm extension on both the upper and the lower sides, see Fig. 10a ); e) NSSP-SMH, in which the layout (both the silicone substrate and the metallization) has been extended toward the regions close to a magnetic energy density peak (a L = 25 mm extension on both the right and the left sides, see Fig. 10b) ; The enlargement of the metallic plate does not modify the radiating element (the H-shaped slot), but it may help to shield the antenna from the human body. As shown in Fig. 11 , the transmission coefficient of the NSSP-SME configuration remains quite stable by varying the antenna-body separation (it is greater than 0.7 for a distance d less than 30 mm), whereas the τ ×η rapidly increases with respect to the antennabody separation. This example clearly demonstrates that an extension of the complete structure (both metallization and silicone substrate) toward the regions close to the peaks of the electric energy density is very effective in improving the robustness of the antenna performance with respect to the human-body coupling. [12] and its modifications (NSSP-SME and NSSP-SMH). Frequency = 870 MHz.
III. EXPERIMENTAL VALIDATION
The proposed design criterion has been experimentally validated by using prototypes of the NSSP antenna. Specifically, the τ variation has been measured by varying the distance between the antenna and a simplified phantom. As in [12] , a monopole-like configuration, consisting of half the NSSP placed vertically over an image plane of aluminum with a coaxial connector in the back side, has been considered (see Figs. 12, 13, and 14) .
The antenna prototypes have been realized on a 1.565 mmthick FR-4 substrate with ε r = 4.4, and tan δ = 0.002. The human tissue has been experimentally simulated by using a simplified phantom consisting of a box of dimension 20 cm × 10 cm × 10 cm (Figs. 12 and 14) . The box is filled up with a tissue-simulating liquid with muscle-like parameters at 870 MHz (ε r = 56.6, σ = 1.33 Siemens/m), made with deionized water (53%), saccharose (45.6%) and sodium chloride (1.4%) [20] .
In the measurement setup devised in [12] , the antenna is a 0.2 mm-thick metallic sheet without dielectric substrate, attached to the external wall of the phantom, a 5 mmthick Perspex layer, which acts as the layer insulating the antenna from the body [12] . However, in order to evaluate the robustness of the antenna performance with respect to the Prototypes of the realized NSSP (left) and NSSP-SME (right) antennas in monopole-like configuration. The feeding coaxial connector is in the back side of the aluminum image plane. human-body coupling, our experimental validation requires to vary the distance d of the antenna from the phantom (Fig. 12) . In this case, a thick phantom wall would invalidate our analysis, since the insulating layer is part of the antenna, and should be moved together with the antenna, while moving outside the phantom. As a consequence, the face of the phantom behind the antenna has been made as thin as possible using a 127 μm-thick Kapton sheet (with dielectric permittivity 3.5), which has been fixed to a 3 mm-thick plexiglass frame by using kapton adhesive tape and silicone (Figs. 12 and 14) . In order to properly apply the image theory to the liquid phantom, we have covered the internal 20 cm × 10 cm base of the box containing the liquid with 40 μm-thick copper adhesive tape, which is therefore in direct contact with the liquid. Finally, the aluminum sheet with the monopole antenna (see Fig. 13 ) has been placed at the same level of the copper tape inside the box.
The NSSP antenna under test has been designed to be matched to a Z chip = 73 − j 113 [21] when it is attached to the body (i.e. for d = 0), resulting in the following geometrical dimensions: L = 55 mm, a = 20 mm, b = 15 mm, s = 2 mm (Fig. 6a) . A prototype of this antenna in its monopole-like configuration has been manufactured (see Fig. 13 left) . To experimentally assess our design criterion a prototype of the NSSP-SME configuration with L = 27.5 mm (see Fig. 13 right) has also been fabricated. Then, the robustness of both the standard NSSP and the NSSP-SME antennas has been evaluated as a function of the distance d between the liquid phantom and the antenna (Figs. 12 and 14) .
In Figs. 15 and 16 , the simulated and measured input impedance Z I N is reported for the standard NSSP and for the NSSP-SME antennas, respectively. The agreement between simulation and measurement is good. The differences are likely due to the uncertainty in the dielectric properties of the liquid phantom.
In Fig. 17 , the simulated and measured power transmission coefficient τ (normalized to Z chip = 73 − j 113 ) is reported for both the NSSP and the NSSP-SME antennas. As expected, the NSSP-SME configuration provides higher values of τ when the antenna-body separation increases (measured τ is greater than 0.7 for a distance d less than 10 mm).
IV. CONCLUSION
Design guidelines have been presented to improve the robustness of ungrounded wearable antennas with respect to the antenna-body separation. A design criterion is achieved by an a priori analysis of the electric and magnetic energy densities distributions in the antenna near field region, leading to a suitable layout modification. Two different kinds of antennas have been analyzed. Firstly, lumped capacitors have been introduced in a solid-line resonant loop antenna to concentrate the electric energy far from the antenna borders, thus improving the insulating capability of the dielectric substrate. Then, we have applied our design criterion to an antenna consisting of an H-shaped slot placed onto a suspended patch. In this case, we have demonstrated, through both simulated and measured results, that a layout extension toward the antenna border where the electric energy density exhibits a maximum improves the antenna robustness to the human body proximity.
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